The high leakage current in deep submicron regimes is becoming a significant contributor to the power dissipation of CMOS circuits as the threshold voltage, channel length, and gate oxide thickness are reduced. Consequently, the identification and modeling of different leakage components is very important for the estimation and reduction of leakage power, especially in the low power applications. This paper explores the various transistor intrinsic leakage mechanisms including the weak inversion, the drain-induced barrier lowering, the gate-induced drain leakage, and the gate oxide tunneling.
Introduction
To achieve higher density and performance, and lower power consumption, MOS devices have been scaled for more than 30 years. Transistor delay times have decreased by more than 30% per technology generation resulting in the doubling of microprocessor performance in every two years. Supply voltage (V DD ) has been scaling down at the rate of 30% per technology generation in order to keep power consumption under control. Hence, the transistor threshold voltage (V th ) has to be commensurately scaled to maintain high drive current and achieve performance improvement of at least 30% per technology generation. However, the threshold voltage scaling results in the substantial increase of the subthreshold leakage current.
1
Transistor off-state current (I OFF ) is the drain current when the gate-to-source voltage is zero. I OFF is influenced by the threshold voltage, channel physical dimensions, channel/surface doping profile, drain/source junction depth, gate oxide thickness and V DD . I OFF in long channel devices is dominated by the leakage from the drain-well and well-substrate reverse bias p-n junctions.
2 Short channel transistors require lower power supply levels to reduce internal electric fields and power consumption. This forces a reduction in the threshold voltage, V th , that causes a relatively large increase in I OFF . This increase is due to the weak inversion state leakage which is a function of V th and is not due to transistor channel length. In this paper we focus on all leakage mechanisms contributing to standby leakage (not just the drain terminal). Other leakage mechanisms are peculiar to the small geometries themselves. As drain voltage V D increases, the drain-to-channel depletion region widens and significant drain current can result. This increase in I OFF is typically due to the channel surface current from drain-induced barrier lowering (DIBL) or due to the deep channel punchthrough currents. [3] [4] [5] [6] [7] Moreover, as the channel width decreases, both the threshold voltage and the off current get modulated by the width of the transistor, giving rise to significant narrow-width effects. To maintain a reasonable short-channel effect immunity while scaling down the channel length, the oxide thickness has to be decreased below 20 A 0 , for CMOS devices beyond the 100 nm node. A decrease in oxide thickness results in an increase in electric field across the gate oxide. The high electric field and low oxide thickness result in considerable current flowing through the gate of a transistor. This current destroys the classical infinite input impedance assumption of MOS transistors and thus affects the circuit performance severely. Major contributors to the gate leakage current are the gate oxide tunneling and the injection of hot carrier from substrate to gate oxide. Gate induce drain leakage (GIDL) is another significant leakage mechanism, resulting from the depletion at the drain surface below the gate-drain overlap region. Figure 1 shows the projections for some transistor physical dimensions, supply voltage and device power consumption according to the International Technology Roadmap for Semiconductors.
8 All the parameters are normalized to their values in the year 2001. As shown in Fig. 1(b) , due to the substantial increase in leakage current, the static power consumption is expected to exceed switching component of power consumption unless effective measures are taken to reduce leakage power.
Due to the short channel effects, the channel length cannot be arbitrarily reduced even if allowed by lithography. For digital applications, the most undesirable short channel effect is the reduced gate threshold voltage at which the device turns on, especially at high drain voltages. Therefore to take the best advantage of the new high-resolution lithographic techniques, new device designs, structures, and technologies should be developed to keep short channel effect under control at very small dimensions. In addition to the gate oxide thickness and junction scaling, another technique to improve short channel characteristics is well engineering. By changing the doping profile in the channel region, the distribution of the electric field and potential contours can be changed. The goal is to optimize the channel profile to minimize the off-state leakage while maximizing the linear and saturated drive currents. Super Steep Retrograde Wells (SSRW) and halo implants have been used as a means to scale the channel length and increase the transistor drive current without causing an increase in the off-state leakage current.
9-12
In this paper different leakage current components and mechanisms in deep submicron transistors are explored which is essential to guide solutions for reducing power and leakage per transistor. 
The n-channel transistor in Fig. 2 has an I OFF of 20 pA/µm and 4 pA/µm in the saturated and linear states. We describe six short channel leakage mechanisms as illustrated in Fig. 3 . I 1 is reverse bias p-n junction leakage, I 2 is the subthreshold leakage, I 3 is the oxide leakage, and I 4 is the gate current due to hot carrier injection. I 5 is the gate induced drain leakage (GIDL), and I 6 is the channel punch-through. Currents I 1 , I 2 , I 5 , I 6 are off-state leakage mechanisms while I 3 (oxide tunneling) occurs in both ON and OFF states. I 4 can occur in the off-state, but more typically occurs during the transistor bias states in transition. A reverse bias p-n junction leakage (I 1 ) has two main components: One is the minority carrier diffusion/drift near the edge of the depletion region and the other is due to the electron-hole pair generation in the depletion region of the reverse bias junction. 6 If both n-and p-regions are heavily doped (this will be the case for advanced MOSFETs using heavily doped shallow junctions and halo doping for better SCE), Zener and band-to-band tunneling may also be present. For an MOS transistor, additional leakage can occur between the drain and well junction from gated diode device action (overlap and vicinity of gate to the drain-to-well p-n junctions) or carrier generation in drain-to-well depletion regions with influences of the gate on these current components.
13 p-n junction reverse bias leakage (I REV ) is a function of junction area and doping concentration. Subthreshold or weak inversion conduction current between source and drain in a MOS transistor occurs when gate voltage is below V th . 5, 14 The weak inversion region is seen in Fig. 2 as the linear portion of the curve. In the weak inversion, the minority carrier concentration is small but not zero. Figure 4 shows the variation of minority carrier concentration along the length of the channel. Let us consider that the source of the n-channel MOSFET is grounded, V g < V th , and the drain-to- almost entirely across the reverse-biased substrate-drain p-n junction. As a result, the variation along the channel (the y axis) in the electrostatic potential φ s at the semiconductor surface is small. The y component, E y of the electric field vector E, being equal to ∂φ/∂y, is also small. With both the number of mobile carriers and the longitudinal electric field small, the drift component of the subthreshold drain-to-source current is negligible. Therefore, unlike the strong inversion region in which the drift current dominates, subthreshold conduction is dominated by the diffusion current. The carriers move by diffusion along the surface similar to charge transport across the base of bipolar transistors. The exponential relation between the driving voltage on the gate and the drain current is a straight line in a semi log plot (Fig. 5) . Weak inversion typically dominates modern device off-state leakage due to the low V th used.
The weak inversion current can be expressed based on the following equation.
where
V th is the threshold voltage and v T = KT /q is the thermal voltage. C ox is the gate oxide capacitance, µ 0 is the zero bias mobility and m is the subthreshold swing coefficient (also called body effect coefficient) for the transistor. W dm is the maximum depletion layer width and t ox is the gate oxide thickness. C dm is the capacitance of the depletion layer and C ox is the capacitance of the insulator layer.
In long channel devices, the subthreshold current is independent of the drain voltage for V DS larger than few v T . On the other hand, the dependency on the gate voltage is exponential as illustrated in Fig. 5 . The inverse of the slope of the Leakage Current in Deep-Submicron CMOS Circuits 7 log 10 (I ds ) versus V gs characteristic is called the subthreshold slope (S t ).
The subthreshold slope indicates how effectively the flow of the drain current of a device can be stopped when V gs is decreased below V th . As the device dimensions and the supply voltage are being scaled down to enhance performance, power efficiency, and reliability, this characteristic becomes a limitation on how small a power supply can be used. The parameter S t is measured in milivolts per decade. For the limiting case of t ox → 0 and at room temperature, S t ≈ 60 mV/decade. Typical S t values for a bulk CMOS process can range from 80 mV/decade to 120 mV/decade or more. A low value for subthreshold slope is most desirable. It can be noted from the above expression that S t can be made smaller by using a thinner oxide (insulator) layer to reduce t ox or a lower substrate doping concentration (resulting in larger W dm ). Changes in operating conditions, namely lower temperature or a substrate bias, also causes S t to decrease.
Drain-induced barrier lowering
In long-channel devices, the source and drain are separated far enough such that their depletion regions have no effect on the potential or field pattern in most part of the device, and hence, the threshold voltage is virtually independent of the channel length and drain bias. In a short-channel device, however, the source and drain depletion width in the vertical direction, and the source-drain potential has a strong effect on the band bending over a significant portion of the device. Therefore, the threshold voltage and consequently the subthreshold current of shortchannel devices vary with the drain bias. This effect is referred to as drain-induced barrier lowering (DIBL). One way to describe it is to consider the energy barrier at the surface between the source and drain, as shown in Fig. 6 .
14 Under OFF conditions, this energy barrier prevents electrons from flowing to the drain. For a long-channel device, the barrier height is mainly controlled by the gate voltage and is not sensitive to V ds . However, the barrier of a short-channel device reduces along with the increase of drain voltage, which causes a higher subthreshold current and lower threshold voltage.
DIBL occurs when the depletion region of the drain interacts with the source near the channel surface to lower the source potential barrier. It happens when a high drain voltage is applied to a short-channel device, lowering the barrier height and resulting in further decrease of the threshold voltage. The source then injects carriers into the channel surface without the gate playing a role. DIBL is enhanced at a higher drain voltage and shorter L eff . Surface DIBL typically happens before deep bulk punchthrough. Ideally, DIBL does not change the slope, S t , but it does lower V th . Higher surface and channel doping and shallow source/drain junction depths reduce the DIBL effect on the subthreshold leakage current.
14,15 Figure 7 
Body effect
Reverse biasing well to source junction of a MOSFET transistor widens the bulk depletion region and increases the threshold voltage, V th . 5, 6 The effect of body bias can be considered in the threshold voltage equation 14 :
where V fb is the flat band voltage, N a is doping density in the substrate, and ψ B = (KT /q) ln(N a /n i ) is the difference between the Fermi potential and the intrinsic potential in the substrate. The slope of V th versus V sb curve is therefore,
which is referred to as the substrate sensitivity. It can be seen from Eq. (5) that the substrate sensitivity is higher for higher bulk doping concentration and the substrate sensitivity decreases as the substrate reverse bias increases. At V sb = 0, the substrate sensitivity is C dm /C ox or m − 1 according to Eq. (2). Therefore, m is also called the body effect coefficient. Figure 8 shows suppression in the n-channel drain current when the well-tosource voltage is back biased from 0 to −5 V (the back bias is the well voltage). Virtually no change is seen in the subthreshold slope S t (Fig. 8 ) in contrast to the temperature effect (Fig. 14) . An important observation from Fig. 8 is that as V th increases because of applied reverse substrate bias and due to a shift in I-V , I OFF decreases.
The subthreshold leakage of a MOS device including weak inversion, DIBL, and body effect, can be modeled according to the following equation.
V th0 is the zero bias threshold voltage, and v T = KT /q is the thermal voltage. The body effect for small values of source to bulk voltages is very nearly linear and is represented by the term γ V S , where γ is the linearized body effect coefficient. η is the DIBL coefficient, C ox is the gate oxide capacitance, µ 0 is the zero bias mobility and m is the subthreshold swing coefficient for the transistor. ∆V th is a term introduced to account for the transistor-to-transistor leakage variations. 
Narrow width effect
The decrease of gate width modulates the threshold voltage of the transistor and thereby modulating the subthreshold leakage. There are mostly three narrow-width effects, which modulate the threshold voltage. The first effect in the case of local oxide isolation (LOCOS) gate MOSFET is the existence of the fringing field that causes the spreading of the gate induced depletion region to the exterior of the defined channel width and under the isolations as shown in Fig. 9(b) . This results in the increase of total depletion charge in the bulk region above its otherwise expected value. The threshold voltage of MOS can be defined using depletion approximation as field becomes comparable to the classical depletion formed by the vertical field. This results in the increase of the threshold voltage due to the narrow channel effect.
18,19
This narrow width effect can be modeled as an increase in V th by an amount The second narrow-width factor in case of LOCOS gate arises from the fact that channel doping is higher along the width dimension, due to the channel stop dopants encroaching under the gate. Hence, a higher voltage is needed to completely invert the channel.
20
A more complex effect is seen in trench isolation devices, which is known as inverse-narrow width effect. In case of trench isolation devices, depletion layer cannot spread under the oxide isolation ( Fig. 9(c) ), hence reducing the possibility of an increase in the total depletion charge in the bulk and an increase in threshold voltage. On the other hand, due to the two-dimensional field induced edge-fringing effect at the gate edge, the formation of inversion layer at the edges occurs at a lower voltage than required at the center. Also, the overall gate capacitance (C T ) now includes the sidewall capacitance (C F ) due to the overall gate width with isolation oxide, hence increasing the overall gate capacitance. 17 Overall gate capacitance is now given by C T = C ox W + 2C F , which is greater than C ox in Eq. (8). Hence, overall V th reduces. Figure 10 explains the behavior with the model introduced in Ref. 17 . A much more complex behavior can be observed in the case of trench-isolated buried channel p-MOSFETs, where reduction of width first decreases the V th till the width is 0.4 µm, and thereafter a sharp increase in V th is observed (Fig. 11) . A more detailed description of the behavior is described in Ref. 21.
Effect of channel length and V th roll-off
Threshold voltage of MOSFET decreases as the channel length is reduced. This reduction of threshold voltage with the reduction of channel length is known as the V th roll-off. Figure 12 shows the reduction of threshold voltage with reduction in channel length. The principal reason behind this effect is the presence of twodimensional field patterns in short-channel device instead of a one-dimensional field pattern in a long-channel device. This two-dimensional field pattern originates from the proximity of source drain region.
14 There are depletion regions surrounding the source-drain junctions. In a long channel device, since the source and drain are far apart, their depletion region does not have much effect on the potential profile or field pattern in most parts of the channel. However, in the case of short channel devices, the source drain distance is comparable to the depletion width in the vertical direction. As a result, source drain depletion width has a more pronounce effect. The source and drain depletion region now penetrates more into the channel length, resulting in the depletion in a part of the channel. Thus, the gate voltage . Schematic diagram for the charge sharing model explaining the reduction of V th source drain depletion region. The bulk charge that needs to be inverted is proportional to the area under the trapezoidal region as given by Q B ∝ W dm (L+L )/2, which is less than total depletion charge, as in the case of long channel, which is Q B ∝ W dm (L). 14 has to invert less bulk charges resulting in the decrease in the threshold voltage (Fig. 13) . In other words, for the same gate voltage, there is more band bending in the Si/SiO 2 interface in a short channel device than in a long channel. Consequently, the threshold voltage is less in a short channel device. The effect of the source-drain depletion region is more in the case of a high drain bias. High drain bias results in more depletion charge in the channel due to drain and source, resulting in a further decrease of threshold voltage. Since, threshold voltage decreases with reduction in channel length, this causes an increase in the subthreshold current.
Temperature
The temperature dependency of leakage current is an important consideration, since digital VLSI circuits usually operate at elevated temperatures due to the power dissipation and heat generation of the circuit. log(I D ) versus V G shows a linear change in slope S t with temperature ( Fig. 14) as predicted by the logarithm of the subthreshold current model. 6, 14 In Fig. 14, S t varies from 58.2 to 81.9 mV/decade as the temperature increases from −50
• C to 25
• C in a 0.35 µm technology. The increase in I OFF is 0.45 pA to 160 pA for the 20 µm wide device (23 fA/µm to 8 pA/µm). The I OFF increase factor is 356 for this technology. Two parameters increase I OFF as temperature is raised: (1) S t linearly increases with the Kelvin temperature, and (2) threshold voltage V th decreases. The temperature coefficient of V th was measured at about 0.8 mV/
• C for these thin oxides. This allows estimates of I OFF at other temperatures. 
Tunneling into and through gate oxide (I 3 )
The reduction of gate oxide thickness results in an increase in the field across the oxide. The high electric field coupled with low oxide thickness results in the tunneling of electron from the substrate to the gate and also from the gate to the substrate through gate oxide resulting in a gate oxide tunneling current.
To understand the phenomenon of tunneling let us consider a MOS capacitor with a heavily doped n + type poly-silicon gate and a p-type substrate. Also, for simplicity, let us now focus only on the tunneling of electron. Energy band diagram in flat-band condition is shown in Fig. 15(a) , where, Φ ox is the Si-SiO 2 interface barrier height for electron. When a positive bias is applied at gate, the energy band diagram changes as shown in Fig. 15(b) . Due to the small oxide thickness, which results in a small width of the potential barrier, the electrons at the strongly inverted surface, can tunnel into or through the SiO 2 layer and hence give rise to the gate current. On the other hand, if a negative gate bias is applied, electron from the n + poly-silicon can tunnel into or through the oxide layer and give rise to gate current ( Fig. 15(c) ).
14
The mechanism of tunneling between the substrate and the gate poly-silicon can be primarily divided into two parts, namely, (I) Fowler-Nordheim (FN) tunneling and (II) direct tunneling. In the case of Fowler-Nordheim tunneling, electrons tunnel through a triangular potential barrier, whereas, in the case of direct tunneling, electrons tunnel through a trapezoidal potential barrier.
The tunneling probability of an electron depends on (i) thickness of the barrier, (ii) barrier height and (iii) structure of the barrier.
As a result, the tunneling probability of a single electron in FN tunneling and direct tunneling are different resulting in different tunneling current.
Fowler-Nordheim tunneling
When the voltage drop across the oxide (V ox ), is greater than the barrier height of the electron in a conduction band (φ ox ) (i.e. V ox > φ ox ), electrons from the inverted surface tunnel into gate oxide through the conduction band of oxide layer. 14, 22 This phenomenon is known as Fowler-Nordheim (FN) tunneling. Figure 16 shows the FN tunneling of electrons from inverted surface to the gate. Since V ox > φ ox , electrons has to tunnel through a triangular potential barrier as seen in Fig. 16 . Ignoring the effects of finite temperature and image force induced barrier lowering, the current density in FN tunneling is given by where E ox is the field across the oxide, φ ox is the barrier height for electrons in conduction band and m * is the effective mass of electrons in conduction band of silicon. FN current equation represents the tunneling through triangular potential barrier and is valid for V ox > φ ox . 22 The measured value of FN tunneling current is very small: at oxide field of 8 MV/cm FN tunneling current density is about 5 × 10 −7 A/cm 2 . 14 Since, φ ox = 3.1 eV, the short channel device mostly operates with V ox < φ ox . Thus, for normal device operation the FN tunneling current is negligible.
Direct tunneling
In very thin oxide layer (less than 3-4 nm) electrons from the inverted silicon surface, instead of tunneling into the conduction band of SiO 2 , tunnel directly to the gate through the forbidden energy gap of SiO 2 layer.
14 The direct tunneling phenomenon is explained in Fig. 17 . Direct tunneling occurs in the region V ox < Leakage Current in Deep-Submicron CMOS Circuits 19 Fig. 18 . Measured and simulated direct tunneling current density in thin-oxide poly-silicon gate MOS device. 22 φ ox . 22 Hence, in the case of direct tunneling, electrons tunnel through a trapezoidal potential barrier instead of a triangular potential barrier as seen in Fig. 17 . The equation governing current density in direct tunneling is given by
where A = . The direct tunneling current is significant for low oxide thickness. Figure 18 shows the variation of direct tunneling current with gate voltage.
The potential drop across oxide is obtained from the fact that the applied gate voltage over the flat band voltage drops across the poly-silicon depletion layer, gate oxide and the rest appears as surface potential. 
Mechanisms of direct tunneling
There are three major mechanisms for direct tunneling in MOS devices, namely, electron tunneling from conduction band (ECB), electron tunneling from valence band (EVB) and hole tunneling from valance band (HVB) 24, 25 (Fig. 19) . In NMOS ECB controls the gate-to-channel tunneling current in inversion, whereas gate-tobody tunneling is controlled by EVB in depletion-inversion and ECB in accumulation. In PMOS, HVB controls the gate-to-channel leakage in inversion, whereas, gate-to-body leakage is controlled by the EVB in depletion-inversion and the ECB in accumulation. 24, 25 Since, the barrier height for HVB (4.5 eV) is considerably higher as compared to the barrier height for ECB (3.1 eV) and since the effective mass for hole is higher than that of an electron, the tunneling current associated with HVB is much less than the current associated with ECB. This results in lower gate leakage current in PMOS rather than in NMOS. 
Components of tunneling current
The gate direct tunneling current can be divided into five major components, namely, parasitic leakage current through gate-to-S/D extension overlap region (I gso and I gdo ), gate-to-inverted channel current (I gc ), part of which goes to source (I gcs ) and the rest goes to drain (I gcd ), and the gate-to-substrate leakage current (I gb ) (Fig. 20) . 24, 25 The modeling of each of the components can be found in Refs. 24 and 25.
Effect of quantization of substrate electron energy
Due to the high substrate doping level and the large electric field at the Si/SiO 2 , the quantization of carrier energy occurs within the Si substrate (Fig. 21) . This results in less occupied energy states from which the electrons can tunnel. Also, due to the quantization effect, the carrier density in the substrate is different from the classical prediction. With the quantization, the carrier density peaks at a small distance away from the surface and not at the surface as predicted by classical physics. This can be considered as an effective increase in oxide thickness. Thus quantization effect tends to reduce the gate direct tunneling current. The emission of electron from Si to SiO 2 causes a build up of image charge at the oxide side Si/SiO 2 interface which results in a reduction in the barrier height at the Si/SiO 2 interface from φ ox = 3.1 eV by an amount of ∆φ, where ∆φ = q 3 E ox 4πε ox , (ε ox = permittivity of SiO 2 ) .
This is called the image-force-induced-barrier lowering effect. 14 Since, it modulates the barrier height, it also modulates the gate tunneling current, since tunneling depends exponentially on φ ox .
Injection of hot carriers from substrate to gate oxide (I 4 )
In a short channel transistor, due to the high electric field near the Si/SiO 2 interface, electrons or holes can gain sufficient energy from the electric field to cross the interface potential barrier and enter into the oxide layer (Fig. 22) . This effect is known as the hot carrier injection. The injection from Si to SiO 2 is more likely for an electron than for a hole as the electron has a lower effective mass than that of a hole. In addition, the barrier height for hole is more (4.5 eV) than the barrier height for an electron (3.1 eV). form at the silicon surface, the silicon surface under the gate has almost the same potential as the p-type substrate. Due to the presence of accumulated holes at the surface, the surface behaves like a more heavily doped p-region than the substrate. Thus the depletion layer at the surface is much narrower than elsewhere (Fig. 23(a) ). The narrowing of depletion layer at or near surfaces causes field crowding or increases in the local electric field, thereby enhancing the high field effects near that region.
14 When the negative gate bias is large (i.e. the gate at zero or negative and the drain at V DD ), the n + drain region under the gate can be depleted and even inverted as shown in Fig. 23(b) . This causes more field crowding and increases in the peak field, resulting in dramatic increases of high field effects like avalanche multiplication, and band-to-band tunneling.
14 The possibility of tunneling via near surface trap also increases. As a result of these effects, minority carriers are emitted in the drain region underneath the gate. Since the substrate is at a lower potential for minority carriers, the minority carriers that have been accumulated or formed at the drain depletion region underneath the gate are swept laterally to the substrate, completing a path for the gate induced drain leakage (GIDL). 20 Thinner oxide thickness and higher V DD (higher potential between gate and drain) enhance the electric field, hence increases the GIDL. The impact of drain (and well) doping on GIDL is rather complicated. At low drain doping values, the electric field is not high enough to cause tunneling. For very high drain doping, the depletion width and tunneling will be limited, causing less GIDL. Hence, GIDL is worse for drain doping values in between the above extremes. Very high and abrupt drain doping is preferred for minimizing GIDL as it provides lower series resistance required for the high transistor drive current. In short channel devices, due to the proximity of drain and source, the depletion regions at the drain-substrate and substrate-source junction extend into the channel. As the channel length is reduced, if the doping is kept constant, the separation between the depletion region boundaries decreases. The increase in the reverse bias across the junctions (with increase in V ds ) also leads to the boundaries being pushed further away from the junction and nearer to each other. When the combination of channel length and reverse bias causes the depletion regions to merge, then punchthrough is said to have occurred. In sub-micron MOSFETs a V th -adjust implant is used to cause higher doping at the surface rather than in the bulk. This causes greater expansion of the depletion region below the surface (due to the smaller doping there) than at the surface. Thus punch-through occurs below the surface. 20 An increase in the drain voltage beyond the value required to establish the punchthrough lowers the potential barrier for the majority carriers in the source. Thus, more of these carriers cross the energy barriers and enter into the substrate. The drain collects some of them. The net effect is an increase in the subthreshold current. Furthermore, the punch-through causes a decrease in the subthreshold slope. The device parameter commonly used to characterize punch-through is the punchthrough voltage V PT , which estimates the value of V ds for which punch-through occurs (i.e. subthreshold current reaches a particular value) with V gs = 0. It is roughly estimated as the value of the V ds for which the sum of the width of drain and source depletion region is equal to effective channel length The most suitable method for controlling punch-through is to use additional implants. A layer of higher doping at a depth equal to that of the bottom of the junction depletion regions is one possible solution. Another approach could be to form a halo at the leading edge of drain-and-source junction. 20 
Conclusion
With the continuous scaling of CMOS devices, leakage current is becoming a major contributor to the total power consumption. In current deep submicron devices with low threshold voltages, subthreshold leakage has become the dominant source of leakage and is expected to increase with technology scaling. Gate oxide tunneling is likely to become a problem in the future as the oxide thickness continues to shrink. Gate induced drain leakage may also become a concern. To manage the increasing leakage in future CMOS technologies, solutions for leakage reduction have to be sought both at the circuit and process technology levels.
